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Abstract  
This paper studies the in-column detection performance for chromatography 
separation. Numerical modelling was performed to investigate the detection efficiency 
of the electrodes that are suspended within a packed chromatography column. The 
results show that the density of the silica beads packed within the channel does not 
hinder the detection ability of the electrode. The findings have been further validated 
with experimental works. A 8 in-column electrode array provides the full separation 
progress traces of the five neurotransmitters and metabolites (adrenalin, dopamine, 
DOPAC, serotonin and 5-HIAA) within the column. From the in-column detection, 
better peak resolutions are developed though the separation column as compared to 
the conventional post column detection. The whole progress of the separation shows 
that good separation (Rs > 1) can be obtained at E5 (28.7 mm from column inlet), 
whereas baseline separation could be obtained at E8 (last in-column electrode) with 
Rs ≥ 1.5 within 60 minutes. The presented results suggest the packing materials 
within the column does not obstruct the efficiency of the electrodes but able to 
produce a good baseline separation detection as compared to conventional post 
column detection.  
 
Keywords: Liquid chromatography, Peak resolution, Separation process· In-column 
detection 
 
1 Introduction 
Microfluidic device or lab-on-a-chip (LOC) has provided a new era for chemical 
analysis (Elvira et al. 2013; Livak-Dahl et al. 2011) and offered great benefits for 
medical diagnosis (Rivet et al. 2011; Jiang et al. 2011). Since early of the 90s, LOC 
has shown advantages that include reduction of reagents consumption, reduced in 
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instrumentation storage space and promised high throughput (Mark et al. 2010). To 
date, LOC has shown great diversity of functions and applications such as micropump 
(Chee et al. 2013), capillary electrophoresis (Huang et al. 2008), liquid and gas 
chromatography (Pruim et al. 2012; Zhu et al. 2012; Luong et al. 2013), micromixer 
(Tofteberg et al. 2010; Ait Mouheb et al. 2011), and microreactor (Pohar et al. 2012; 
Hardt et al. 2005) and many more.  
In 1979, Terry et al. has first reported a fabricated gas chromatography analyzer on 
silicon wafer (Terry et al. 1979). Since then, the idea of shrinking the liquid 
chromatography (LC) system for analytical purposes has been rapidly studied (Lazar 
et al. 2006). One of the benefits to shrink the size of the LC is to speed up the 
separation process. However, by integrating the LC onto microfluidics platform has 
opened up the opportunity for whole column detection (Wang et al. 2010; Chan et al. 
2014; Al Lawati et al. 2014). Since the late 1980s, many reports shown great interest 
in whole column detection for LC as to help better understanding of the separation 
process within the stainless steel column (Gelderloos et al. 1986; Rowlen et al. 1989; 
Wu et al. 2005). Besides that, whole column detections provide more than one result 
per assay as compared to the conventional post column detection. Various whole 
column detections have been reported, such as using spectroscopic detection which 
was utilizing optical detectors located externally from the column (Wu and Pawliszyn 
2001; Kwok and Manz 2001; van der Sneppen et al. 2007). However, the sensitivity 
(as respect to Beer-Lambert’s Law) of spectroscopic method scales linearly with path 
length. Voltammetric and amperometric methods present technical challenges but do 
not suffer for this major disadvantages since they are sensitive to flux, rather than the 
absolute number of molecules. Alternatively, electrochemical detectors have been 
shown to be promising but it is technically demanding to decouple the control 
potential for the sensor (typically <1 V) from the separating voltage (100-10,000 V) 
used in capillary electrophoresis separation. Nonetheless, electrochemical approaches 
are more attractive for miniaturization applications (Fritsch and Aguilar 2007) due to 
its relative ease of miniaturization, low cost and the exceptional limits of detection 
(~10
-15
 mol dm
-3
). This is also true in nano scale biological analysis (Popovtzer et al. 
2006).  
Miniaturization of LC device with in-column electrochemical detector was proven 
to be feasible for in-column detection from our previous work (Seo et al. 2009). From 
the study of the electrodes’ sensitivity, the hydrodynamic properties of the mobile 
phase increased within the packed column. This in turn, dramatically increases the 
mass transport on the surface of the electrodes. In this paper, the effort has been 
further extended to investigate the real time performance of the chemical detection 
within the packed column. Numerical models with the arrangement of the packed 
silica beads for 35%, 45% and 60% particles density under different flow rate are 
presented. This study is to investigate the detection dependency of the in-laid 
electrode toward the bead packed densities. The separation efficiency of the 
developed device with 8 in-column electrode array was experimentally characterized 
for separating five neurotransmitters and metabolites. The peak resolutions of the in-
column detection were compared with conventional post column detection. 
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2 Numerical modeling  
Electrochemical detection highly depends on the electrode’s surface properties where 
the reaction occurs. As has been elucidated by (Seo et al. 2009), induced flow within a 
packed column improves the mass transportation on the electrode surface. In practical 
application, the packing materials are likely to be spread randomly within the channel 
and located above the electrode surface. Therefore, numerical models were built using 
Comsol Multiphysics
®
 to study the patterns of the diffusive flux at different silica 
beads arrangements. Models with different density of particles were built representing 
the packing materials randomly arranged across the microchannel with the channel 
volume of 25 µm × 10 µm × 5 µm. Each of the models was packed with 5 µm size 
silica beads at the packing densities of 35%, 45% and 60%. Due to the random 
packing processes, voids or narrow paths are often formed between particles. The 
contacts surface of the silica beads and the electrode are in a tangent point form in the 
packed model. Figure 1 depicts the meshing geometry model of the packed 
microchannel.  
 
 
Fig. 1 Numerical model of a packed microchannel 
 
In the numerical model, the bottom layer was set as the electrode surface. The flux 
density, J which represents the transfer of electron follows Butler-Volmer’s formula. 
These electron travels across the surface as flux where it is proportional to current.  
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The k
0
 is the standard rate constant (1 mm.s
-1
), α is the transfer coefficient, 
f = F/(R·T) (V
-1
), E and E
0’
 are the current and formal potential of an electrode 
versus a reference respectively, while CO and CR are the concentration of the 
oxidised and reduced species respectively. For the numerical model, the 
oxidization of the species is considered and no reduction of the species are 
considered. 
 
Figure 2 illustrates the bead arrangements of the particles within the microchannels 
with the packed densities of 35%, 45% and 60%. 
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a b c 
Fig. 2 Models of a low density, 35% b medium density, 45% and c high density, 60% 
of randomly packed sphere particles (5 µm in diameter) 
 
The highest density of 60% was set by assuming that it is impossible to achieve to 
hexagonal close packed of spherical particles (74%) within the channel. The patterns 
of the normal diffusive flux as regards to the packing density at different applied flow 
velocity are shown in Fig. 3. The simulated value is further summarised in Table 1. 
 
 
 
a b 
 
 
c 
Fig. 3 Top view of the normal diffusion flux distribution on the electrode surface of 
the electrodes with packing density a low, 35% b medium, 45% and c high 60% at 
same flow velocity 1 mm s
-1
 applied at the inlet of the channel. [Grey streamlines 
indicating the diffusive flux and convection flux in the model.] 
 
Table 1 Normal diffusive flux for three packed models at 35%, 45% and 60% packed 
density at three different applied flow velocities at the inlet 
 
Applied flow 
velocity (mms
-1
) 
Normal diffusive flux (× 10
-14
 mol s
-1
) at packing density 
(35%) (45%) (60%) 
1 4.954 4.836 4.516 
2 7.628 6.900 7.032 
3 9.637 8.607 9.241 
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From Fig. 3, different streamline patterns of the diffusive flux were observed at 
different packing density. However, the values of the normal diffusive flux, as 
depicted in Table 1, do not pose significant trend with the packing density of the 
column. The applied flow velocity is the dominant factor towards the increased of the 
diffusive flux. The numerical models show the feasibility of electrochemical detection 
in packed channels (LC column) at different packed densities despite the blockage 
reasoned by the spheres particles. 
 
 
3 Experimental 
 
 
3.1 Columns 
 
The experiments were realized by utilizing a homemade LC microfluidic device 
where the details of the fabrication was reported in (Seo et al. 2009). The 
microchannel was designed to have the same effective column length of a commercial 
stainless steel Luna
® 
column (LUNA
®
 ODS 5 µm, 50 mm × 1.0 mm i.d. analytical 
column by Phenomenex
®
). Figure 4 shows the home made polyethylene terephthalate 
(PET) microfluidic device.  
 
 
Fig. 4 Home made LC Microfluidic device with 17 gold embedded electrode array 
 
Wires were connected to the connecting pad of the electrode array using conductive 
silver paste. For storage, the PET column and the commercial stainless steel column 
were filled up with the mixture of methanol to water solvent (mixing ratio75:25 (v/v)) 
and sealed with finger tight nuts. The columns were cleaned by deionised water again 
before flowing through the mobile phase. 
 
 
3.2. Experimental setup 
 
3.2.1. Chemical 
 
Five neurotransmitters and metabolites; adrenaline (epinephrine, AD), 3-
hydroxytyramine (dopamine, DA), 5-hydroxyindole-3-acetic acid (5-HIAA), 3, 4-
dihydroxyphenylacetic acid (DOPAC) and 5-hydroxytryptamine (serotonin, 5-HT) 
were obtained from Sigma and used as received. All other chemicals used were 
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obtained from VWR International, BDH Prolabo and used as received and stored in 
fridge at all time. All standards were prepared in class A volumetric glassware. 
 
 
3.2.2. Mobile phase 
 
For the separation of the neurotransmitters, a mobile phase similar to Patel et al. was 
utilized (Patel et al. 2005). The stock citric acid buffer was prepared as follows: 
25 mM sodium dihydrogenorthophosphate, 50 mM sodium citrate, 10 mM of 
diethylamine, 10 mM sodium chloride and 2 mM of decane-sulfonic acid sodium salt 
were made up to in 1 L with deionised, distilled water and buffered to pH 3.2 using 
concentrated sodium hydroxide. The mobile phase consisted of stock citric acid buffer 
(pH 3.2) mixed with UV- grade methanol (HiPerSolv for HPLC, BDH Prolabo) in a 
ratio of 97.5: 2.5 (v/v) and filtered through a 0.20 µm membrane filter and degassed 
under vacuum after mixing. Samples were freshly prepared using the citric acid buffer 
and stored in a fridge. 
 
 
3.2.3. Instrumentation and chromatography 
 
The HPLC system consisted of an Agilent HP1050 pump, autosampler and column 
heater.  A single post column detector with 6 mm radial unijet flow cell glassy carbon 
electrode (Bioanalytical systems, West Lafayette, IN, USA) and the 17 in-column of 
microband gold electrode array (250 µm × 1 mm) embedded within the PET column  
were connected to a potentiostat CHI 1030 (CHI Instruments, Inc.). The 17- electrode 
configuration of the connections to the potentiostat is shown in Fig. 5.  
 
 
Fig. 5 Electrode configuration used connected to potentiostat CHI 1030 
 
The 17-electrode is forming eight pairing-electrodes and a pseudo gold reference 
electrode configuration where each working electrode (E1 ... E8) has adjoined to a 
counter electrode (C). The gap between the working electrode and counter electrode is 
1.6 mm and each pair of electrodes is 4.8 mm apart from each other.  The potential 
and current for the in-column detectors were controlled by an 8 channel CHI 1030 and 
set at +700 mV with respect to gold pseudo reference electrode and gold auxiliary for 
amperometric technique. The flow rate of mobile phase was set at 80 µl min
-1
 for all 
experiments and the columns' temperature was set to 25 ± 0.15 °C. 
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4 Results and discussion 
A standard mixture of five 2 µM neurotransmitters and metabolites (AD, DOPAC, 
5-HIAA, DA and 5-HT) were prepared in the mobile phase. A 1 µl of this mixture 
was injected to the column by using the HPLC autosampler. A post-column detector    
was used to detect the separations of the analytes of both commercial stainless steel 
column and home-made column. Figure 6 elucidates the chromatograms of the eluted 
analytes of the two columns. 
 
 
Fig. 6 Post column chromatograms of a standard mixture at 80 ul min
-1
 using Luna® 
ODS column and PET HypersilTM ODS column with mobile phase 2.5% methanol, 
97.5% citric buffer at 25 ˚C. Solutes: (1) DOPAC; (2) 5-HIAA; (3) adrenaline, AD; 
(4) DA and (5) serotonin, 5-HT 
 
The developed PET column managed to separate these analytes and showed more 
retention for all analytes as compared with the commercial column under same mobile 
phase and flow rate. Band broadening was obvious for the last eluted analyte, 
serotonin (5-HT) using PET column. The peak resolutions for all analytes using PET 
column are generally low as compared to the commercial column. As both separation 
detections were utilizing the same post-column detector, the only reason for the band 
broadening for PET is the packing quality of the stationary phase within the column. 
As the PET column was packed using reversed suction method at low pressure, the 
density of the packing materials within the column is lower as compared to 
commercial stainless steel column. Hence stainless steel column produces good 
separation of these analytes.  
However, as compared to post column detection, in-column detector shows higher 
resolutions of the separation. The eight pairing in-column microband electrodes 
(working – auxiliary) were obtaining simultaneous detection of the separation 
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process. 1 µl sample mixture consisting of the five analytes (5 µM each), AD, DA, 5-
HIAA, DOPAC and 5-HT were injected to the LC device via the autosampler. Eight 
traces of the separation progress within the column is described in Fig. 7 in an 
isocratic mobile phase with 97.5: 2.5 (v/v) buffers to methanol ratio.  
 
 
Fig. 7 Full traces of 8 in-column detectors for the separation of five analytes on an 
isocratic mobile phase in a ratio 97.5:2.5 (v/v) citric buffer: MeOH, analytes eluted in 
a sequence with first DOPAC, 5-HIAA, AD, DA and finally 5-HT  
 
These in-column electrodes allow real-time separation progress within the column 
once the sample was injected. As can be observed in Fig.7, electrode 1 (E1) detected 
three peaks for 1 µl of 5 µM mixture where the first peak is the mixture of the three 
analytes: DOPAC, 5-HIAA and AD; the second peak is DA and the third peak is 5-
HT. The effective column length for E1 was 9.5 mm from the inlet (include 4.7 mm 
from the vertical inlet thickness). From the chromatograms, good separation (Rs > 1) 
of five analytes can be easily observed at E5 (28.7 mm from column inlet) and the 
whole separation at E5 was completed at 60 minutes. Besides, the separation 
resolution of all adjoining peaks can be evaluated throughout the whole column to 
provide a better overview of the separation progress of all analytes. To indicate a 
baseline separation between two adjacent peaks, the resolutions of five peaks at all 
electrodes along the column and dotted line (Rs ≥ 1.5) are plotted in Fig. 8. 
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Fig. 8 Separation resolution analysis of five analytes for eight in-column detectors 
and post-column detector. [Dotted line: Rs ≥ 1.5 indicates baseline separation.] 
 
The separation resolution of DOPAC, 5-HIAA and AD was low as these three 
analytes eluted between retention time 2-7 minutes. At the first electrode, no 
separations happened between these three analytes as the peak resolutions are zero. 
However, separations between these three analytes improved as the analytes travelled 
further down the column. At E5 (28.7 mm from column inlet), good separation 
(Rs > 1) was obtained with all peaks baseline separated (Rs > 1.5) except peak 5-
HIAA and adrenaline (Rs = 1.2). Dopamine and serotonin were baseline separated 
since the first in-column electrode and have better resolutions through the separation 
column.  
The in-column detection shows great development of the separation detections as 
the analytes travelled down the column and the Rs values for all analytes were 
decreased at the post-column detection. This may be due to band broadening during 
the transportation of the eluted solutes from column to the detector. At the last in-
column electrode (43.1 mm from the column inlet) all peaks have baseline separations 
as Rs are at least 1.5. The peak resolutions from the post-column chromatogram, 
nonetheless, are lower for all peaks. Therefore, the best separation for these five 
analytes was obtained at the last in-column electrode (E8) yet good separation (Rs >1) 
has been noticed since E5. This is once again prove that present of the packing 
materials within the column does not hinder the efficiency of the electrodes but able 
to produce good baseline separation detection.  
 
 
5 Conclusion 
 
In the present study, the detection performance of an in-column LC device was 
examined. The arrangement of the packed silica beads was numerically analyzed with 
finite element approach at the particle densities of 35%, 45% and 60%. The normal 
diffusive fluxes of the simulated models show that the in-column electrode’s detection 
is independent from the quality of the stationary phase, unlike the post-column 
detection. A homemade PET based LC device with 17 gold embedded electrode array 
was experimentally tested to visualize the real-time separation process. The developed 
in-column detection device shows a good separation of five neurotransmitters and 
metabolites at 28.7 mm distance from the column inlet, indicating an improved 
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detection resolution as compared to the conventional post-column detection method. 
In addition, simultaneous detection along the entire length of the separation column is 
permissible. With this instantaneous whole column detection approach, once the ‘fit-
for-purpose’ data is acquired for experiment, the experiments can be stopped. Future 
improvements of the in-column approach involve repeatability and robustness studies 
during chromatography separation process. 
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